ABSTRACT
Introduction
Optimization of multi-agent and large-scale electromechanical systems has received much attention due to the potential to reduce energy consumption considerably leading to savings of significant operational and maintenance costs. One of those networks is the flow distribution system being widely used in different applications including municipal piping systems, oil and gas fields, petrochemical plants, and the US Navy chilled water systems [1, 2] . The so-called "Smart Valves" network has received considerable attention to be safely designed and then efficiently operated in critical missions. The main objective of the smart valves is to shut down automatically in case of breakage and to reroute the flow as needed. Optimal design, operation, and control are three main steps of minimizing any system energy consumption with respect to various stability and physical constraints. In this effort, we focus on optimizing the dynamically interconnected valve trajectories in order to reduce the lumped amount of energy consumed in the coupled actuation units.
These sets contain many interdisciplinary components interacting with each other through highly coupled nonlinear dynamics. We have carried out broad analytical and experimental studies from nonlinear modeling to design optimization of both an isolated and interconnected symmetric butterfly valves driven by solenoid actuators [3] [4] [5] [6] [7] [8] [9] [10] [11] . The multidisciplinary couplings, including electromagnetics and fluid mechanics, had to be thoroughly considered in the modeling phase in order to yield an accurate nonlinear model of such a complex system. A third-order nondimensional dynamic model of the single set was derived to be used in nonlinear dynamic analysis [5] and optimal design [6] .
The dynamic analysis yielded crisis and transient chaotic dynamics of a single actuated valve for some critical physical parameters. A comprehensive stability map was also derived and presented as an efficient tool to determine the safe domain of operation which in turn could serve for identifying the lower and upper bounds for the design optimization efforts. The design optimization was then carried out [6] to select the optimal actuation unit's parameters coupled with the mechanical and fluid parts in order to significantly reduce the amount of energy consumption (upward of %40).
Note that the applications addressed earlier contain scores of actuated valves in which a high level of dynamic coupling has been observed in practice. These dynamic couplings among different sets need to be captured through analytical studies. We have developed [7] a novel nonlinear model for two sets of solenoid actuated butterfly valves operating in series. The closing/opening valves were modeled as changing resistors and the flow between them as a constant one. A nonlinear coupled model revealed the high dynamic sensitivity of each element of a set, the valve and the actuator, to another one and vice versa. The power spectrum was used in confirming the same frequency response of a neighbor set due to the external periodic noise applied on another set of the valve and actuator.
In further studies, we optimized the design of coupled actuation units of two sets operating in series [10] subject to a sudden contraction. The pipe contraction imposed an additional resistance to be modeled and therefore, the coupled dynamic equations derived in [7] had to be slightly modified (which we represent here for completeness). We discovered an interesting coupling between currents of the actuation units through the interconnected flow loads, including hydrodynamic and bearing torques, which affect the dynamics of both the valves.
Optimization of electromechanical and multidisciplinary systems has recently received much attention. Klimovich [12] obtained some optimal decisions for one-and two-dimensional axisymmetrical flow models. Sefkat [13] has minimized volume and power dissipation by deriving expressions for consumed power, magnetic attraction force, coil temperature and magnet volume, depending on the dimensions. Elka and Bucher [14] discussed the optimal shape design of segmented spatial sensors and actuators that isolate selected mode shapes and perform modal filtering. Raulli and Maute [15] addressed the design of electrostatically actuated microelectromechanical systems by topology optimization such that the layout of the structure and the electrode are simultaneously optimized. Grierson and Pak [16] investigated an approximate design fitness evaluation technique with the aim of improving the numerical efficiency of the genetic search algorithm. Other contributions in operational and design optimization of electromechanical systems include .
In this paper, the optimal operation process is formulated to help select the appropriate trajectories of the valves coupled with the electromagnetical, mechanical, and fluid parts in order to yield an energy efficient system. The contribution of this work is to optimize both the valves' trajectories dynamically coupled in different aspects while our previous efforts [6, 8, 10] were on optimizing the design of the single (by neglecting its dynamic coupling with another set) and coupled actuation units. In this effort, a lumped cost function will be minimized, while enforcing the stability and physical constraints, using four global optimization tools to avoid being trapped in possible local minima along with the objective of obtaining the most efficient operations of the coupled valves. Fig. 1(a) is a pair of symmetric butterfly valves driven by solenoid actuators through rack and pinion arrangements. The rack and pinion mechanism provides a kinematic constraint which connects the dynamics of the valve and actuator. Applying DC voltages, as being used in the Navy ships for chilled water systems, the motive forces give translational motions to the actuators' moving parts (plungers) and subsequently the valves rotate to desirable angles. Note that a return spring has been a common practice among industries to open the valves.
Interconnected modeling of such a multiphysics system undoubtedly needs some simplifying assumptions to reduce time consuming numerical calculations. The force resulting from the magnetic field need an extremely short period of time to reach its maximum value. This period is the so-called "Diffusion Time" and has an inverse relationship with the amount of current used. 
Note that using the current of 24 (A) would yield a negligible diffusion time of τ d ≈ 2(ms) [3] with respect to the nominal operation time of 180(s).
As is commonly done for valve studies, we will assume dominant laminar flow for both the coupled valves to avoid the numerical difficulties involved with a turbulent regime. Note that developing an analytical model is necessary to carry out the dynamic analysis and optimization. Nevertheless, a crucial question needs to be carefully answered with respect to the validity of such an assumption. Using the values of pipe diameter and flow mean velocity listed in Table 1 , one can easily distinguish the existence of the turbulent regime which invalidates the assumption we have made. From another aspect, the analytical formulas derived for the flow loads, including the hydrodynamic and bearing torques, have been developed based on the assumption of laminar flow [39, 40] . To address the issues discussed above, we have carried out experimental work to measure the sum of the hydrodynamic and bearing torques as the most affecting loads on the valves and subsequently, the dynamics of the actuators [10] . The experiment yielded the total torque (Fig. 2) for the inlet velocity of v ≈ 2.7 m s and valve diameter of D v = 2 (inches) reasonably validating the laminar flow assumption [41] .
The flow torques have been shown to play a highly important role for the dynamics of an isolated solenoid actuated butterfly valve and we hence expect to observe such effects for the interconnected sets [7] as well. The coupled system is modeled as a set of five resistors. Two changing resistors represent the closing/opening valves, two constant ones indicate head losses between the valves, and fifth is due to the pipe contraction as shown in Fig. 1(b) . The inlet and outlet pressures are as shown in Table 1 . Using the assumption of the dominant laminar flow, the pressure drops between two valves can be expressed based on the Hagen-Poiseuille [42] and Borda-Carnot [43] formulas (points 1 and 2):
where, q v is the volumetric flow rate, µ f indicates the fluid dynamic viscosity, D v1 and D v2 are the valves' diameters, L 1 and L 2 stand for the pipe lengths before and after contraction, R L1 and R L2 indicate the constant resistances, and P con1 and P con2 are the flow pressures before and after contraction. K con is calculated as the following:
where, β indicates the ratio of minor and major diameters
and θ is the angle of approach. The values listed in Table 1 easily yield K con = 0.2562. We then rewrite Eq. 2 as follows:
where, R con is the resistance due to the pipe contraction. The pressure drop between the valves can be derived by adding Eqs. 1,2, 3, and 5:
The valve's resistance (R) and coefficient (c v ), being important parameters of the regulating valves, are nonlinear functions of the valve rotation angle and are determined [44] as follows:
Based on the assumption of laminar flow, the valve's pressure drop is calculated via the following relationship [39] :
where, α indicates the valve rotation angle, ρ is the density of the media, and v stands for the flow velocity. Rewriting Eq. 8 in the standard form yields,
The hydrodynamic (T h ) and bearing (T b ) torques [39, 40] are obtained via Eq. 9 leading us to rewrite them as follows.
where, D s stands for the stem diameter of the valve, µ indicates the friction coefficient of the bearing area, C i = π 8 µD 2 vi D s , and T ci and C cci are the hydrodynamic torque and the sum of upper and lower contraction coefficients, respectively, depending on the valve rotation angle [3] . Further,
The comprehensive stability map we have presented in [5] was based on a nonlinear analytical model. The analytical model had to be used in the dynamic analysis to investigate the system stability around equilibria by calculating its eigenvalues through the Jacobian matrix; this has led us to identify the safe operational domain to be utilized in the design optimization. The same practice was employed in [10] with the aid of fitting suitable curves on c vi and R ni in order to model the system analytically. For our case study of D v1 =8 (in) and D v2 =5 (in), the coefficients and resistances of the valves are developed as follows.
where, e 1 = 7.2 × 10 5 , p 1 = 461.9, q 1 = −405.4, o 1 = −1831, s 1 = 2207, e 2 = 4.51 × 10 5 , p 2 = 161.84, q 2 = −110.53, o 2 = −695.1, and s 2 = 807.57. These fittings were selected with respect to the decremental and incremental profiles of the valve coefficients and resistances, respectively [7, 41] . Applying the mass continuity principle (q in = q out = q v ) and then rewriting Eq. 9 yields,
The interconnected P 1 and P 2 terms are derived by combining Eqs. 6 and 18 as follows:
The dynamic sensitivities of P 1 and P 2 to R n1 , R n2 , R L1 , R L2 , and R con are distinguishable through Eqs. 19 and 20. Any slight dynamic changes of the upstream set of the valve-actuator would be expected to be observed for the downstream one, in fact, as often observed in practice. The dependencies of the hydrodynamic and bearing torques on all the resistances are reformulated as follows.
f i is a nonlinear function of the changing T ci , C cci , and the valve rotation angles. To carry out a systematic dynamic analysis, the following functions are fitted to the D 3 vi f i of each valve [7, 41] :
where,
We have previously derived the rate of current and magnetic force terms [3] which are utilized in developing the sixth-order coupled dynamic model [10] as follows. Note that both the motive force and current are highly sensitive to the plunger displacement and subsequently the valve rotation angle.
where, b d indicates the equivalent torsional damping, K t is the equivalent torsional stiffness, V stands for the supply voltage, x is the plunger displacement, r indicates the radius of the pinion, C 1 and C 2 are the reluctances of the magnetic path without air gap and that of the air gap, respectively, F m is the motive force, N stands for the number of coils, i indicates the applied current, g m is the nominal airgap, J indicates the polar moment of inertia of the valve's disk, and R is the electrical resistance of coil.
Optimal Operation
The stability and physical constraints reported in [4, 5] undoubtedly demand robust optimization schemes to be utilized in minimizing the energy consumed by two coupled sets. Note that operating the system without the constraints determined through the nonlinear dynamic analysis would undesirably lead to the Fig. 3(a) revealing the hyperchaotic dynamics of both the actuated valves. It can in fact be shown that some critical values of the equivalent viscous damping and friction coefficient of the bearing area (µ i = b di = 10 −6 ) yield the hyperchaotic dynamics.
The problem at hand is a constrained optimization problem with possibly several local minima. Therefore, we have to employ robust optimization algorithms to capture the global minimum. The cost function we wish to minimize is a sum of the energy used in both the sets.
subject to:z 1 < 90
The cost function is typically defined with respect to the scale and performance of the network. Scores of such actuated valves are employed in the US Navy fleet and a minimum lumped amount of energy consumed in the network is needed to reduce the cost of operation. This would lead us to select a lumped cost function to be minimized. We then fit two nonlinear curves to the nominal valve trajectories obtained via Eqs. 27-32:
The nominal values of A, B, C, and D are listed in Table 2 .
The curves fitted to the nominal trajectories are selected based on desirable smooth valve rotations. The so-called "S-Shaped" valves' motions have traditionally been appropriate trajectories to avoid dangerous behaviors such as the well-known water hammering, in particular, for such critical applications addressed earlier. A, B,C, and D are variables that we need to optimize in order to identify the most efficient valve trajectories yielding minimum energy consumption by using the DC voltage sources (V 1 = V 2 = 24(Volts)). Note that α 1 (t) and α 2 (t) are coupled angles through the interconnected dynamic equations. We next collect the coefficients into a vector:
The coupled equations, as discussed earlier, need to be satisfied at all times during the optimization process and the coefficients are subject to the following lower and upper bounds. 
These bounds were determined based on practical system considerations, stability analysis [5, 41] , and physical constraints. We employ four global optimization tools including simulated annealing, genetic, particle swarm, and gradient based algorithms to provide a clear map of optimization efforts with respect to the locality/globality of the cost function minima. Simulated annealing was independently developed by Kirkpatrick et al. [45] and by Cerny [46] . Genetic optimization has been designed based on a heuristic search to mimic the process of natural selection [47] . The coefficients in practice are not of the same order, and caused serious numerical errors in our initial studies. We solved this issue by conditioning them using a normalization scheme as follows.
A n = A × 10 3 ; B n = B × 10
One of the advantages of the simulated annealing procedure is to select a new point randomly. We hence need to set the initial guesses as random numbers. The algorithm covers all new points to reduce the value of the objective function. At the same time, with a certain probability, points that increase the objective function are also accepted. The algorithm avoids being trapped in local minima by using points that raise the objective function value and has the potential to search globally for more possible solutions. The genetic algorithm is significantly more robust than other conventional ones. It does not break down easily in the presence of slight changes of inputs, and noise. For a large state-space, the algorithm may potentially exhibit significantly better performance than typical optimization techniques.
The particle swarm optimization (PSO) was originally developed by Kennedy, Eberhart and Shi [48, 49] and was first used in simulating social behaviour. PSO is metaheuristic as it makes few or no assumptions about the problem being optimized and can search very large spaces of candidate solutions.
The random initial guesses we used in the optimization process (as required by simulated annealing) are as follows.
where rand(0,1) is a random number between zero and one. We developed the algorithm in MATLAB. Table 1 contains the parameters obtained from the experimental work we carried out for the isolated set [10] . Figures  4 and 5 reveal the optimization process for the coefficients of curves fitted to the valve angles using the genetic (GA), gradient based (GB), simulated annealing (SA), and particle swarm (PS) algorithms. The GB, GA, SA, and PS algorithms terminate after 4200, 1100, 11500, and 1000 iterations, respectively, satisfying the tolerances defined for both the variables and the lumped cost function. It is of great interest to observe that all methods result in lower values of B, C, and D with respect to their corresponding nominal values listed in Table 2 , which in turn would yield slower responses of both the valves than those of the nominal ones. The GB and SA methods lead to lower values of A but the GA and PS yield slightly higher values in comparison with the nominal ones.
Results
Such optimal motions would lead to considerably lower values of the currents of both the actuation units in comparison with the nominal ones, particularly for the downstream set as shown in Figs. 6 and 7. A sudden current drop is distinguishable for the downstream actuator (Fig. 7) at t=34(s) . The physical interpretation of such lower values of the currents can be found through the flow dynamics (loads) interconnected with the electromagnetic parts. We have previously established [10] that the change The downstream valve is logically expected, for both the nominal and optimal cases, to be subject to the higher hydrodynamic torque [6] as shown in Fig. 8 . We have also discussed the highly important role of the hydrodynamic torque on the valves' operations. The hydrodynamic torque acts as a helping load pushing the valve to be closed and is typically effective for when the valve angle is lower than 60 • [7, 10] ; the effective range was experimentally examined [7] confirming the helping behavior of the hydrodynamic torque by presenting positive values. Consequently, the higher helping torques would result in the Fig. 9 presents the valves' relatively slower motions for the optimal operations in comparison with the nominal ones. These kinds of operationally optimized rotations expose both the coupled valves to the higher hydrodynamic torques (as helping factors) in comparison with the nominal loads, as shown in Fig. 8 . This is explicitly distinguishable at t=34(s) by showing the higher hydrodynamic torques afterward and the actuators have subsequently more freedom to act with significantly lower currents, in particular, for the downstream set as it undergoes the higher hydrodynamic load. The optimal motions would lead us It is also of great interest to evaluate the effect of approach angle (θ ) on the amount of energy saved. Figure 11 presents an interesting aspect of the optimization problem in that the lumped amount of energy saved for both the sets is higher for a smaller approach angle in comparison with a higher value. The physical interpretation of such an energy consumption paradigm can be found through Eqs. 19 and 20. The higher approach angle yields the higher contraction resistance (R con ), lower P 2 , and subsequently lower pressure drop across the downstream valve. Note that the downstream set has a higher share in minimizing the energy consumption by experiencing the sudden current drop (Fig. 7) . The lower pressure drop of the downstream valve would result in the lower value of the helping hydrodynamic torque as previously explained via Eq. 21. The actuation unit of the downstream set located after a sharper pipe contraction (a large value of θ ) has therefore less freedom to save the lumped energy than that of a smoother contraction.
Conclusions and Future Work
In this paper, we represented a novel interconnected nonlinear model of two solenoid actuated valves subject to the different approach angles of the pipeline contraction. We revealed the significant effects of mutual interactions between the dynamics of the valves and the actuators in correlations with the flow non- E nergy Saving% FIGURE 11. The amount of saved energy vs. the approach angle linear torques. These couplings among different elements were accurately formalized to derive a sixth order dynamic model of the whole system. We utilized particle swarm, genetic, simulated annealing, and gradient based schemes to carry out operational optimization and subsequently captured the global minimum of the lumped cost function defined as the sum of energy used in each set.
The principal results of this paper can be summarized as follows.
• The approach angle has an inverse relationship with the amount of energy saved for both the sets. The sharper pipe contraction yields the higher value of energy consumption.
• Energy can be saved by significant amounts of 17.2%, 17%, 16%, 15%, and 15% for the approach angles of 30 • , 45 • , 60 • , 75 • , and 90 • , respectively, by using operationally optimized coupled valves.
• The optimal hydrodynamic torques help actuators spend a minimum level of the lumped energy.
• Lower values of the currents and subsequently instantaneous energies (by plotting E ins = v i i i vs. α i ) are consumed particularly for higher rotation angles.
We are currently focusing our efforts on developing a comprehensive model for n valves and actuators to be operated optimally in series.
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